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Objectives: The aim of this study was to create an ovine arteriovenous ﬁstula (AVF) model which would
closely replicate a human forearm ﬁstula and use this to quantify the degree of intimal hyperplasia in
those created with the U-Clip compared to a conventional sutured anastomosis.
Materials and methods: Twenty AVFs were created in 10 Border LeicestereMerino sheep between the
superﬁcial femoral artery and vein of each hind limb. On one side the U-Clip and on the other
a continuous polypropylene suture was used to perform the anastomosis. The animals were sacriﬁced at
2 (n ¼ 3), 4 (n ¼ 4), 6 (n ¼ 3) weeks and histological slices were taken of each AVF in cross section to
determine the intimal media area per unit length (IMA/L).
Results: Intimal hyperplasia (IH) was observed at all time points with one AVF found occluded with
thrombus at the time of harvest. The IMA/L was signiﬁcantly lower in the U-Clip groups by 24% at 2
weeks, 32% at 4 weeks and 23% at 6 weeks (Two-way ANOVA, p ¼ 0.019, observed power ¼ 0.825, time or
side p  0.766, type p ¼ 0.001; Paired t-test, p < 0.001 between matched anastomotic types). Time taken
to perform the anastomosis was similar between the two anastomotic techniques (Polypropylene 14(8
e18) vs. U-Clip 15.3(11e23) min; p ¼ 0.47).
Conclusion: This ovine AVF model results in IH similar to that seen in a human AVF. The IH that occurs
with the U-Clip is less than that of continuous polypropylene suture.
 2011 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Introduction
Intimal hyperplasia (IH) is ubiquitous after the vascular injury
that occurs during surgery. It affects all types of vascular anasto-
mosis but is most pronounced in the arteriovenous ﬁstula (AVF)
created for hemodialysis access. This IH results in restenosis, which
threatens AVF patency and causes signiﬁcant morbidity. The failure
or dysfunction of arteriovenous ﬁstulae has an annual cost of more
than $1 billion dollars in the United States1e3 where there were
almost 328,000 patients receiving hemodialysis therapy at the end
of 2006.4
The primary patency of an AVF is less than 50% after 3 years and
may be as low as 20% in patients who are elderly, diabetic orl 7, Prince of Wales Private
l.: þ61 2 96504981; fax: þ61
).
ciety for Vascular Surgery. Publishefemale.5,6 Despite such poor durability alternatives to AVF such as
cuffed central venous catheters and synthetic arteriovenous grafts
suffer higher rates of infectious complications, central venous
stenoses and even lower patency rates.6,7 The AVF remains there-
fore the best option for patients with end stage renal disease who
require hemodialysis.
The nitinol U-Clip device (Medtronic, Minneapolis, MN, USA) is
designed to reduce the use of sutures thus eliminating knot tying
whilst facilitating the creation of a circumferentially interrupted
vascular anastomosis8 (Fig. 1). In support of this device’s efﬁcacy
a single prospective human study has shown superior patency and
maturation rates of forearm AVFs created with U-Clips when
compared to continuous polypropylene suture.9 The aim of our
study was to create an AVF model with vessel size, handling
properties, conﬁguration and hemodynamic stresses akin to human
forearm AVFs to quantify the degree of intimal hyperplasia and
make comparison between continuous polypropylene suture and
the Nitinol U-Clip anastomosis.d by Elsevier Ltd. All rights reserved.
Figure 1. The nitinol U-Clip with its delivery apparatus intact (A), demonstrating the release trigger point (B, Arrow) and resuming its circular shape (C). (B and C Images taken with
environmental scanning electron microscopy (TM-1000, Hitachi, Japan)).
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Animals
Ten 2-year old crossbred Border LeicestereMerino wethers
were used with the approval of our local Animal Care and Ethics
Committee (ACEC 08/113A). They were kept in the research facility
at the St. George Hospital Campus, University of New South Wales
in accordance with the research guidelines of the National Health
and Medical Research Council of Australia.
Surgery
Sheep were ﬁrst sedated with Intramuscular Zolazopam
(8e12mg/kg), analgesedwith subcutaneous Carprofen (2e4mg/kg)
and intramuscular Burprenorphine (0.005mg/kg) then administered
inhaled Isoﬂuorane (2e3%) and 100% oxygen (3 L/min) throughout
the surgery. Laryngoscopy was performed and an endotracheal tube
placed above the carina for ventilation. Antibiotics (Intravenous
Cephalothin 0.016e0.024 mg/kg; Benacillin 0.079e0.122 ml/kg IM)
were administered and crystalloid ﬂuids (Hartmann’s solution)were
given intravenously at 4e10ml/kg/h prior to and during the surgery.
Both hind limb groin creaseswere cleanedwith povidone-iodine
and draped in accordance with conventional surgical practice. Skin
crease incisionsweremade just below the inguinal ligament and theincision deepened to expose both the superﬁcial femoral artery and
vein. 5000 IU of Sodium Heparin was administered intravenously
and the vessels were double slung both proximally and distally to
achieve hemostasis for AVF creation. A 2 cm length longitudinal
arteriotomy and corresponding venotomy was performed in the
superﬁcial femoral vessels. This length was standardized for all
anastomoses and all animals. A conventional Brescia-Cimino side-
to-side anastomosis was created using continuous 6e0 poly-
propylene (Prolene, Ethicon, Johnson& Johnson,Warren, NJ, USA) in
one hind limb and interrupted U-Clips in the contralateral one10
(Fig. 2). In each anastomosis care was taken to evert the vessel
edges and avoid adventitia within the suture line. Flushing with
heparinised saline and hemostasis were given careful attention at
the time of sling release. A marking suture was placed at the ceph-
alad and caudad ends of the anastomosis to aid and orient the
cadaveric dissection. Patency of ﬁstula was conﬁrmed with pulse
and thrill at the end of the anastomosis. Layered closure of fascia and
skin with 3e0 polypropylene suture (Prolene, Ethicon, Johnson &
Johnson, Warren, NJ, USA) was performed. The side of hind limb
chosen for suture/U-Clip was alternated in consecutive animals.
The nitinol U-Clip is applied with a standard needle and
suturing action. It is connected to the surgical needle by a ﬁne wire
and released by grasping a trigger point with the teeth of the needle
holder, at which point it resumes its circular shape holding the
blood vessel walls in apposition (Fig. 1A,B). The retention knob at
Figure 2. A diagram showing the formation of side-to-side arteriovenous ﬁstulae in the superﬁcial femoral artery and vein (A). Photography of the ovine surgery showing ﬁstulae
creation with continuous polypropylene suture (B and C) and nitinol U-Clip (D and E).
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through (Fig. 1C). U-Clips are placed every 1e2 mm as one would
with an interrupted suture.
Study design
Ten Sheep were utilized to create 20 AVFs. They were sacriﬁced
at 2 weeks (3 sheep, 6 AVF), 4 weeks (4 sheep, 8 AVF) and 6 weeks
(3 sheep, 6 AVF).
Specimen explantation and preparation
Each sheep was administered 20,000 IU of intravenous Sodium
Heparin prior to euthanasia with a lethal injection of SodiumPentothal. Hind limb dissection was carried out to identify and
excise each AVF en-bloc with its associated few centimeters of
feeding artery and vein. The AVF was gently ﬂushed with 10%
buffered formalin so as not to remove any thrombus or IH and then
allowed to ﬁx in formalin (40%) for 48 h. High resolution X-Ray was
used to conﬁrm the presence of U-Clips and aid with orientation in
the 20 specimens. The specimens were then divided through the
longitudinal midpoint of the anastomosis in a cross sectional plane.
Half of the specimen was processed for parafﬁn embedding after
removal of the U-Clips, the other half for Polymethyl-Methacrylate
(PMMA) embedding. The parafﬁn embedded blocks were cut ﬁve
microns thick on slides using a Leica RM 2165 microtome (Leica
Microsystems, Germany), stained with Harris’s Hematoxylin and
Eosin (H&E) and Van Gieson for histological and morphometric
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thick sections on a Leica SP 1600 saw microtome, acid etched, and
stained with basic fuschin and methylene blue. The PMMA samples
allowed sectioning directly through the metallic U-Clips.
Histology and morphometric analysis
Sections from each block were examined to determine repre-
sentative samples of cross section through the midsection of each
anastomosis. These cross sections were then processed to deter-
mine intima media area per unit length. Digital images of H&E and
Van Gieson stained slides were taken at 1.25, 2, 4, 10 and 20
objective magniﬁcations on a BX51 Olympus microscope with
a DP2-BSW camera and software (Olympus Corporation, Japan).
Olympus DP2-BSW software was used to manually trace a line
which followed the outer border of the media and a second line to
trace the lumen so as to encapsulate both the intima and media
(Fig. 3). The intima and media area were calculated together rather
than attempting to trace the internal elastic lamina that separates
them as the neo-intima and media were histologically indistin-
guishable. The area within the ﬁrst circle was calculated (B), as was
the areawithin the inner circle (A). The IntimaMediaArea (IMA)was
then calculated as BeA, and divided by the luminal circumference
(IMA/L) to correct for artefactual exaggeration from oblique
sectioningof the specimen and also vessel dilatation. This calculated
area per unit length measurement was used to precisely detect any
true increase in neo-intimal mass and discount any differences that
might occur in the alignment of the blood vessel wall as a result of
variation in surgical technique. For each anastomosis a mean value
was calculated using all representative sections.
Statistics
All quantitative data were expressed as mean  SD. Two-way
analysis of variance (ANOVA) was performed to identify the
difference between the two types of suture technique among allFigure 3. Polypropylene AVF with demarcation of the luminal surface and border of the med
the IH mass at the junction between the two.samples, with side and time being the variables. A paired t-test was
also used to compare the differences between individual pair
IMA/L. To look at time dependency a multiple regression analysis
was performed to identify the differences of individual types of
techniques. A sample size of 20 was selected to provide a statistical
power of 80% (a ¼ 0.05, two-tail) to detect an estimated 30%
difference in the primary endpoint of IMA/L. Data processing and
analysis were accomplished using a computer program (PASW
Statistics 18, IBM SPSS, Chicago, IL, USA). A value of P(2 sided)< 0.05
was considered statistically signiﬁcant.
Results
All AVF specimens demonstrated substantial intimal hyperplasia
at the suture line both on macroscopic and histological evaluation.
One U-Clip AVF in the 4 week group was occluded with thrombus
and therefore excluded from the analysis.
Surgical details
The mean time taken to complete the anastomosis in the
Polypropylene group was 14 min (Range 8e18 min). In the U-Clip
group this was 15.3 min (Range 11e23 min). This time taken was
not signiﬁcantly different (p ¼ 0.47) despite an absence of assis-
tant to pre-load the next U-Clip. No technical difﬁculties were
encountered with either anastomotic technique. The mean
number of U-Clips used in each animal was 20.5 (Range 15e26),
Table 1.
Macroscopic appearance
At the time of specimen harvest the AVFs were encased in dense
ﬁbrotic scar tissue. The blood vessels proximal and distal to the
anastomosis had preserved tissue planes which facilitated
complete removal of the AVF. Once sectioned, the luminal surface at
the anastomotic suture line could be inspected. At each time pointia to calculate intima media area. The artery is seen on the right, the vein on the left and
Table 1
Time taken to complete each anastomosis and number of U-Clips used.
Number Time point
(weeks)
Polypropylene
(min)
U-Clip
(min)
U-Clips
used (n)
1 2 16 18 22
2 2 14 16 19
3 2 13 13 21
4 4 14 15 15
5 4 14 15 19
6 4 16 23 26
7 4 18 16 24
8 6 10 12 18
9 6 17 14 21
10 6 8 11 20
Mean 14 15.3 20.5
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and homogeneous ﬁbrosis tissue layer that appeared identical to
that seen in human IH.11 This had a similar appearance in both the
U-Clip and sutured AVFs.
Histo-morphometric analysis
At each time point there was less IMA/L in the U-Clip group
compared to the sutured anastomoses. The lower IMA/L in the
U-Clip group was 24% at 2 weeks, 32% at 4 weeks and 23% at 6
weeks which translated to a signiﬁcant difference at all time points
(Two-way ANOVA for the two types of techniques with side and
time as variates, F ¼ 4.224, p ¼ 0.019, observed power ¼ 0.825, side
or time p 0.766, type p¼ 0.001). Fig. 4 summarizes the calculated
IMA/L data with respective p value and standard deviation at each
time point. Fig. 5 represents the IMA/L data in its paired form to
demonstrate the intra-animal difference in intimal hyperplasia
with the two types of anastomotic material. A multiple linear
regression analysis investigating the effect of time on the types of
techniques showed no time-dependency (p ¼ 0.372).
When the matched data from different time points was pooled
the reduction in IMA/L was 26% which resulted in similar albeit
greater signiﬁcant values favoring the U-Clip (IMA/L 432  43.8
(polypropylene) vs. 318  53.4 (Nitinol U-Clip) mm; Paired t-test,
t ¼ 5.795, p < 0.001).
Descriptive histology
In each AVF there was development of a thick ﬁbrocellular layer
between endothelium and internal elastic lamina both in the artery
and vein wall as well as overlying the suture line (Fig. 6). This layer
consisted of extracellular matrix separating abundant spindle
shaped cells which had a similar appearance to that of a ﬁbroblast
with additional features of the smooth muscle cells seen in theFigure 4. Intimal media area per unit length over the three time points. Error bars
represent standard deviation.adjacent vessel media. This appearancewas identical to that seen in
the human vascular smooth muscle cell that is pathognomonic for
intimal hyperplasia, and was of a similar expected volume.12
An observed consistently raised deposit of intimal hyperplasia
was seen overlying the polypropylene anastomoses at the suture
line in each specimen (Fig. 6AeC). In contrast the intima over the
U-Clip was consistently ﬂush with that of the adjacent vessel and
did not protrude into or compromise the lumen (Fig. 6DeF). It was
also apparent that the polypropylene was associated with a greater
degree of necrosis adjacent to where it passed through the blood
vessel tissue and had a more pronounced surrounding inﬂamma-
tory cellular inﬁltrate when compared to the tissue immediately
adjacent to the U-Clip (Fig. 6). Although not objective these
observations were found consistently across all specimens at each
time point and were consistent with the quantitative differences
seen in IMA/L.
Discussion
Juxta-anastomotic restenosis and its subsequent reduction in
patency is a signiﬁcant problem that threatens all forms of vascular
surgery. Of all types of vascular anastomoses created it is the AVF
that performs worst of all.5,6 IH is the major factor contributing to
restenosis and is commonly found at the anastomosis or within
a few centimeters of blood vessel either side. It is for this reasonwe
chose to examine the IH that develops after using the nitinol U-Clip
to compare it directly with the conventional suturing technique
which is current practice for most vascular access surgeons.
The trigger for the development of IH is the vascular injury to
endothelium andmedia that occurs during surgery.13 This results in
disruption to endothelial and medial smooth muscle cells which in
turn release principle factors, mitogens, and a host of cytokines
including basic ﬁbroblast growth factor, transforming growth
factor-b, and vascular endothelial growth factor. Simultaneously,
platelets adhere to the injured vessel and foreign suture material,
degranulating and releasing platelet derived growth factor A and B.
These growth promoters stimulate the quiescent vascular smooth
muscle cell into a synthetic phase. It is these cells that proliferate
and migrate to the intimal layer to synthesize extracellular matrix
and form the IH mass.14,15
The vascular smooth muscle cells responsible for IH have their
origins in local blood vessel media and adventitia as well as from
circulating progenitor cells.14e16 It is thought that in addition to
surgical trauma the altered hemodynamics of blood ﬂow through
the AVF anastomoses create low ﬂuid shear stress and increased
wall stress forces that promotes ongoing vascular injury and results
in continuing migration of these cells and accumulation of neo-
intima.16,17 The hemodynamic disruption to laminar ﬂow is exag-
gerated in the AVF because of its unique low pressure outﬂow and
sharp change in ﬂow direction. It is thought that improved
compliance at the anastomosis may result in less restenosis and
better patency.
It has been established that interrupted suture technique for
a vascular anastomosis results in improved compliance, which is
thought to reduce blood ﬂow turbulence and IH.18e20 In addition,
the interrupted technique reduces the “purse-string” affect that can
occur with a continuous suture, thus allowing it to expand in
a radial direction with each systole. Despite the beneﬁts of inter-
rupted suturing, it has not been adopted as a technique by the
majority of vascular access surgeons because of the additional time
taken for knot tying and the technical difﬁculty involved.
The Nitinol used in the U-Clip is a shape-memory alloy made
from Nickel and Titanium that was ﬁrst described by the US Naval
Ordnance Laboratory in 1963.21 It has the unusual properties of
thermal shape memory, super elasticity and force hysteresis that
200
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Figure 5. Intimal media area per unit length (IMA/L) for each sheep demonstrating its response for the paired anastomoses. One side was created with the nitinol U-Clip, the other
with a standard polypropylene suture.
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vivo studies Nitinol appears to be safe to cells and connective
tissues causing no toxicity and maintaining proliferative potential
thus allowing coverage by new intimal formation within the vessel
lumen.24e28 It is thought that these inert properties combined with
reduced tissue trauma result in less inﬂammatory inﬁltrate,
migration of activated smooth muscle cells and IH deposition.
A number of vascular anastomotic clips have been compared to
interrupted sutured anastomosis in the past and are known to have
similar compliance properties at the anastomosis, both of which are
superior to the continuous suture.29 The U-Clip is different from
other clips in that it uses a curved surgical needle and the same
motion of passage through each blood vessel as with a suture.8 It
has similar compliance properties to an interrupted suture whilst
reducing the technical difﬁculty and time required for anastomosis
completion. It differs from suture in that it uses a new needle,
followed by a ﬁne connecting thread for each clip insertion. This
design and suturing actionmay result in less tissue trauma and give
it a potential advantage over suture techniques both interrupted
and continuous. The U-Clip thus provides a practical alternative to
interrupted suture likely to be accepted by most surgeons.
The macroscopic features of human AVF intimal hyperplasia are
that of a ﬁrm, pale homogenous ﬁbrous layer of tissue on the
luminal surface of the blood vessel. Histologically there is a ﬁbro-
cellular layer consisting of vascular smooth muscle cells with
features of the adjacent medial smooth muscle cell and the ﬁbro-
blast. These cells migrate to proliferate between the endothelium
and the internal elastic lamina secreting an extracellular matrix
that consists of hydrated proteoglycans (hyaluronan and versican)
and type III collagen. In our ovine model the macroscopic and
histological appearance of the tissue layer that formed between
endothelium and internal elastic lamina had all of the typical
features of the intimal hyperplasia lesion seen in the human
AVF.11,12 This observation was implicit in the use of this model as
a valid means to compare the IH response between the two suture
methods.
Our study has, for the ﬁrst time, made a comparison between
the IH burden that is deposited after AVF surgery with conventional
continuous suture and with a nitinol U-Clip anastomoses. We havefound a signiﬁcant reduction in the amount of IH around the
anastomosis. We have also found the device to be feasible and safe
whilst using it to form a vascular anastomosis which was simple
and free from technical difﬁculty. The time taken for each anasto-
mosis was similar to suturing despite the absence of an assistant to
pre-load the new U-Clip into a second needle holder. This addi-
tional help would make for an anastomosis that may be more time
efﬁcient than the traditional continuous suture method.
The precise mechanism of the difference in generated IH has not
been addressed in this study. We believe that improved compliance
at the anastomosis, reduced vessel trauma during U-Clip placement
combined with the inert nature and low thrombogenicity of the
nitinol are all contributing factors to the reduction seen here.
Ongoing research is required to investigate the precise mechanism
and role of each of these factors.
There are some limitations to our study. Firstly the sheep in this
study where not uremic and their ﬁstulae were never cannulated.
Despite this, they developed a neo-intimal hyperplastic reaction as
one would see with human AVF histology. This reassured us that
our model sufﬁciently replicated the human biological response to
provide useful observations and data. Secondly, there was consid-
erable variation in the degree of neo-intima formed between
animals, which is a feature also seen in humans. As a result we saw
a non-linear temporal relationship through the progressive time
points. In predicting this phenomenonwe performed both types of
ﬁstula in each animal. Thus the animal was its own control, vali-
dating the comparison between anastomotic materials. We decided
to compare the U-Clip device to the continuous polypropylene
anastomosis rather than an interrupted suture in order to enhance
the clinical generalizability and value of the result. A comparative
trial between the two types of interrupted techniques would have
provided insight into the difference in intimal hyperplasia response
as a direct result of the materials used. However, it would not have
provided a relevant comparison for the majority of surgeons who
are using a continuous suture technique and who may give
consideration to the use of a clip device that is fast and simple to
use. We did not examine the complete ﬁstula circuit, in particular
the venous outﬂow arm which is responsible for many of the
patency threatening stenoses seen in the human. Our interest was
Figure 6. Micrographs of parafﬁn embedded sections. Neo-intima formed over both anastomotic materials, however was more pronounced and raised in the polypropylene group
(A (B and C are higher magniﬁcation of the boxed areas)). This group also had more necrosis and inﬂammatory cellular inﬁltrate observed when compared to the U-Clip group (D (E
and F are higher magniﬁcation of the boxed areas)).
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development at the vessel adjacent to the anastomosis which we
felt was the location most likely to be inﬂuenced by the difference
in suture material and hemodynamic forces.
In conclusion, we have developed an ovine model of arteriove-
nous ﬁstula that closely replicates the macroscopic and histological
appearance of IH development seen in the human lesion. Upon
subsequent validation this model may be utilized by the vascular
surgical community to test novel therapies for treating the ongoing
problem of AVF stenosis. Our study demonstrates the feasibility and
practical application of the U-Clip and found signiﬁcantly less IH
with the nitinol U-Clip compared to a conventional continuous
polypropylene anastomotic technique. Additional studies will be
needed to delineate whether it is the improved compliance,
reduced tissue trauma or inert nature of the nitinol which gives the
U-Clip its advantage.Acknowledgments
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